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The rationale for and the characteristice of the
high=pover-density Compact Reversed-Field Pinch Reactor
(CRFPR) are discussed. Particular emphasis 1is given to
key plasma engineering aspects of the conceptusl
design, 1including plasma operations, current drive, and
impurity/ash control by waans of puaped limiters or
magnetic 3iverctors. A Usief description of tha Pusion=-
Povar-Core integration is given.

1. INTRODVCTION

Tarly projections! of Reversed-Fiald-Pinch (RFP)
reactors were basad on plesms confinement by
supercenducting wmagnets. This design approach led to
systems of low engineering power dessity, not unlike
those being projected for tha mainline send other
slternative fusion concapts?s Based on argumants
summarized 1in Ref. 3}, sariocus problems related to
device devalopment, plant operations, and end=product
economics may arise becauvse of the inefficient use of
fusion-power=core (FPC, i.e., first=vall/blanket/
shield/coil, FW/B/S/C) voluma and mass. The compact
RFP reactor (CAFPR) concep’ and design approsch vas
suggested’ and developed®'’ to addrese directly thess
povar-density iseues. An  option for wmagnetic-
confineaent fusion (s provided with a YPC pover density
that can be as high as values considered 0:0no-1c111¥
necessary for other nuclear powar lyltlll (10=13 Mwt/®
for LWRs, compared tc 0.3=0.3 MW/a’ for low-powar-
density fusion systems). Table 1 compares kay
engineering and cost paraseters being projected for the
Lompact and low-power-density (mainline) concepts to
highlight eesertial differences.

If the RFP 18 to achieve the asdvantages of a
compact vreactor, & better understanding of key placma
physice/engineering processas 1s needed. The impact of
transport scaling (startup, ignition, burn austenance),
iwpurity/ash control (pumped limiter versus wmagnetic
divartors), and oeteady-state (pon-inductive) plasma
curcent drive influence strong'y the practicality of
long=pulsed or steady-state plasma oparation considered
o8 an ides) goal for the compact reactor. The physice
sudels used to describe and project these crucial
engineering processes ave only beginning to emerga for
the WFP, as is a morr coherent picture of the minimun-
anergy RFP atate {n general. This paper, therefors,
{ocusses onto the CAFPR plasma physice/engineering to
relate present understanding to che technology
projectec as necesmary for the ideal CRFPR limit
suggested 11 Table 1.

Li. CONFINEMENT PRINCIPLE

The AFP, compect torolds (CTe, {.e., spharomaks or
field-ravarsed configurations (FRCe)), and the tokamak
confine plasms by a combination of enternally applied
toroidsl fiaeld, l.. and self-ganerated poloidal fieldse,
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By, resulting fromw toroidal currents, I ., flowing in a
torus of wmrjor radiue and minor radiue r_. The
physice succasees of the tokamak mesber of this’ pinch
group rest primarily with the etrong "backbona"
provided to the plasma by the dominant toroidal field;
serious resactor limitetione, howaver, are also imposed
by the use of o:ron. toroidsl fielde. Unlike the
tokamsk, where = q(kp/rp) » 10, q baing the
Kruskal-Shafranov tltcty factor, RPPs and CTs oparate
wvith B, * By and q < I, vith q sctually reversing sign
at the 31..-. edge for the RFP. The reversal of B, at
the plasma edge aleo generates high shear for ltlb!lity
to local XMHD wodas and the poseidility for high-bata
plasmas. AL eolectrically conducting ehell provides
stability to WWD modes with wavelengths on the order of
Ty. linco the q(r_ ) > 2=3 limit does not apply to the
RYP, is not conc@rninod by MHD considerstions, and
ohlic golting to {gnition way be possidle.

These characteristice result in a high=beta plasma
that is stably confined primarily by etrong self-
currents, this plasna being surrounded by an
enginearing structure (PPC) that need pot asccommodate
auxiliary heating or & etrong magnatic field. These
features together admit the unique coabination of
increased pl.llg povnr denaity and first-wall neutron
loading (1, (MW/m (887)7¢_/2), low-f{eld blankats
{thain, high-pavor-donlity (100-200 Mwe/o’, peak);
liquid-matal=cooled with acceptable prefsure, MHD
pressure drop, end pumping powver), and low feld
magnatic coile [emo-blanket) low forces, wmass, ohmic
losses, and recirculating povcr], all of which are
necessary for the compact resctor.

Central to the achievemen: of these seignificant
benefits is the formation and eustainment of a
plasna/field configuration in which By (r > r.) is small
(i.e., smaro for epheromak, lll.h:lv rcvcrgcd for the
RFP) relative to I.(r » 0), Classically, such a
configuration is» expected to decay resistively on a
few=peacond diffusion timascale at reactor conditiona
(shorter timescales &t lower temperatures). Numerous
RFP (and, wore recently, spheromak) experiments have
demonstrated a sustainment or "dynamo" mechanism that
operates to maintain the configuration oaver Bany
resistive diffusion times.

The existance of & grossly-stadble and regenerative
({.a., "dysnauvo'-sustained) RF® configuration afrer
passage through a turbulent, dissipative phase prompted
Taylor?'!? to describe this process as a resistive
relanation of the plasnma/field coofiguration that
conserves the totgl toroidal flux, ¢, and magnetic
helicity, K = [X:3 4v

* e, vhere ( 1» hi poloidal
flux, V_ {» the plasma 801u-.. and X = U» ie the
vector potential. In the case of the RFP, K measures

the degree to which toroidal flum is linked by roloidal
flux., Daescribing the realamed, mintmun—enargy etate as

forre-"roe [Ved =y Y2 u(r) ] results in the Bessel-

Punction HModel ?l vhen the scalar u(r) {»

independaent of plllll radius g(ur).
Defining the 'Pinch 'lrnlotor.

LY (ur)]-
Ly (r ) ool /26, whare ¢ = <I‘>ﬂr3 is the
1n1:¥.1 oroldll ¥1ul. it follows that u = 20/r, for
lho constant=y BM¥. The "Reverssl Paraseter," F =

(r,)/¢3,> combines with 6 to give a convenient
d’ccrip:lSn of the Taylor minimus—ensrgy etates; for



the rero-beta, comstant-u MMM, F = 0J5(20)/3,(29),
vhich 1s eshown in Fig. 1| and gives the loeul of
ninisue—energy statas as constrained by the Tayloer
nodel (1.e., constant u, ¢, end K).

The spatially-conetant y profiles assumed for the
BMM requires high current density in the regioo of the
cold, resistive plasms edge. HModificatioms to the PN
generally allov for conetant-u profiles out to a radius
ar, (a < 1), with u decreasing continuously to sero
from ar, to r,. PFigure 1 aleo gives the liocus of
ralaxed RFP otates for a numsber of modified BMs.
Generally, theory indicates improved stability for 6 >
1.2, and experiment shovs lwproved heating and
confinement in the RFP region of Fig. 1. 1t 1s mnoted
that the eopheromak state 1is given by ¥ = 0 oo Pig. 1,
and the tokamak-likea raegion occurs for F = | and
] llq(RT/rp).

The Taylor TF-P diagras demonstrates s remarkadle
coupling between polnidal-field (PF) and _oroidal-field
(TF) circuite through the plasmu dynamo for both
spharomak and RFP configurations; efrong cuupling for
the tokamak does not exist. The V=6 relatiouship can
be used to describe the RFP or spheromsk plesmr as a
non=linear rectifying element| the possibility to
maintsin I against resfctive decay by in=-phase
ocscillatione of TF and PF circuics is predicated. Thie
potential for nobn-imductive ruirent drive by low=
frequency 3:nd low-amplitude "I -9 pueping' adds andther
atrong reactor advantage of a8 dyoamo=sustained plasns
conta’ned astably by sell-currents. Thase features as
reflccted in the plroms engineering of the CRFPR aze
now discussaed.

LL1. PLASMA ENGINERRING

The underlying principle of RFP confinement 1o

beszd on & free-enargy-driven dynamo, pos. ibly
originating from = = ], wltiple-n-nuaber (n ~ 12)
resistive (nstabilities. Tho added oplasma turbulence
vill undoubtedly increase plasms traneport losses;

careful attention must be g.ven to miniaizing flux and
eanergy loss, with the ylasaa dynamo action being
optimited during the wes.artup c(ranwient towarde an
ohmically-heated DT {gniczien, !acondly. the low=q,
high=shear flux surfaces near the reversal layer
sust be accoumodated by any puaped- linttor or magnetic
divertor ash/impurity control oecheme. Thirdly,
long-pulsed or steady=-state operation must consider
efficient, dynamc=based F=" puaping. This section
enamines the CRFPR design in relationihip to projected
nesds for the three tolloving areas: plasma operations

(tranaport, start=up. ignition/burn, etc. )} aesh/
impurity <controli and eteady--state currint drivae,
Table 11 gives the key plasma parawmcters, and Pig. 2

gives the rgactor crosm=daction for the design baing
considered.

A _Plepaa Opeiatinne
Central to any description of the RFP startup 1o
the plasma particle/anargy loss, as embodied i(n o
global anargy confinament time, 'y A complately
physice=baned traneport oecealing dows not aexist for
RF's, nor ie one requi‘ed for the design of an fgnited
DT-fueled tfusion resctor. Given a specific isnition
pnrn-otrr. LAY and a fusion=neutron firete=wall
loadting, as dictated by total power, slne,
lifetime, gcot =transfer, and sconouic constraints, the
svarage plasma density, n, is determined; the globdba)
anergy confinemant time {s than dictatad solealy by
these techno-acobnomic considerations under the
aisumption that :he required plasma d!nllty (prassure)
can be held by schievable valuas of B the plasma
surface. This economically=optimum uon!lno-ont time,

15 (OPT) » [(n1)2 @v>Ry/8L,)  /751/2 hes basn determined
for the CRFPR by an extensive parameter saarch and
optimization to be 0.235=C.30 », a value that wmust be
reconciled with scaled physice results.

With the usus] deftinicions of u, = & (10)77 B/m
and l? = 1.602(10)71¢ 1/keV, pressure balance and the
definition of Ty for an ohaically-hesated plasma gives,
respectively

L
v -l (2
T(keV) « ”’“a =) Poly (n
- — -
1.'—”10— 16 HOGQ-PU. (2)
vhere the last aquality combines pressure and energy
balsncer, o0 = l/n 10 the RFP plasgma electrical

eonductlvsty. j - 1 /273, and the streaming parameter

= 3, /0 hlﬂ been 1nt¥oducod vich N = uur% being the
p,llll line density. Por a fixed streaming parsmeter
and poleidal beta, fg, the plasms cemparature 1»
c:pn? ad to ocllc linearly vich plasea current, and Tty
a1 v?  for }?llﬂ ¢onductivicy that iteslf scales
cla licg‘lv (0«T )+ This ecaling has been obsarved
on a +.eober of RFF experimants in the ranges 1.
® 350-100 kA and r_ ~ 0. l Nel we Also, for fixzed I.IN.
Bq. (1) predicts T/I } & comparison of RFPs with
ohmfcally-haated tohlunkl o? simf{lar current and sice
would shov a bDetter parformance for the lsttaer;
imprcved RPP  performance raquires higher curreats
because of the lower poloidal beta, By beiny close to
the totsl bsta for RFPs.

Attributing the epergy loss in RPPs to anomalous
elactron econduction, 3 fic to 2ZT=40M data
(Teq = 0.2 un. ‘0 = 0 1-0.153, I, = C.12 WA, rp = 0.2 m)
gives s scailing, vhere v 1is io the range
0.9 = 1.5, lp.cit! R11 tvo limiting scaling lave
emarge fros axperiment for use in the reaactor plasaa
simulacions.

|

vhere the functions f,(Be) are chosen to decrease
as & critical values >f botl. « 0.1)3, 1 .-e..a.ﬁ.
and I, has unite of KA. 1:.1?y. 4 (69\ aquale unity
for ! < Bgor and (B /59) olhorvi.l. ae 1nd1c|tod by
noutrn bon-—heatnd tokanaks; f 1(8g) * cnp 2.303() -
/Bec 10 designed to educe Tco even more rapidly as
tgo approach to ignitian :enua to drive Dbets abdove
critical limite.

0.05 I rit) (By) .
0.14 13/7rl1,(8),

Equation (3) slong with the assumption that

LY [ B Y for the 107 conduction and particle
tflno. vo.pocf!voly. combine to give Ty for the plasma
aisulations. Tigure ) depicte the time dependence of
Ty a,ar By and P for an ohmically=heated atsrtup
uolnl the adfe pclnlllntle traveport ecaling given (In
Iq. ()). Ohwizally=-heated _.gnition with \ as lov as
0.8 are computed ss possible, ignition at lower values
of the currant empooent beipg possible only for plasmas
of reduced siae, highe: current density, and incressed
pover deneity. The sample oimulation given in Fig. )
sssuman g(r) s Jolur) ard n(r) ® Sa(ur) prolflol [l.o

pir) = JA(ur), at dictatead by the BPM|, with @
continucus fualing slgorithe that holde l/N constant
and alvays maintaine tho fueling rate belov l.)=1.4
tisee the wsaniaur [tlclo 1000 rate. The
emperimentelly-deternined " profiles (i.e., the
"Beat=Pit Model") are also used; these u profiles
correspond to & modified BMM with the u(r) breakpoint,

» deing a svecified function of 0. Piguve 1  pives
lhg F-) diagram ard startup trejectory for this sample
cass.



s range of confinement
times, T,, during the plasms startup are aleo shown oa
Pig. 3, wlere § also includes the ohmic time [Rq. (2))
as wvell ae classical cross~fiald 1on conduction. At
steady state the required 1, is 6, 24, and 205 tiwes
less than Alcator, ohmic, and classical (iom)
confinement times, respectively. 1 baing squal to 7 30
Bohm times. 1f the more optimistic 1, * 1‘ 3:;
scaling {s imposed, these margins are increased.

The times dependence of

The TF and PF [co-polcd of ohmic-hesting (OH) and
enuilibrium-field (EF) coils] coil sets for the CRFPR
are resistive (vater-cooled copper) and must “e osised
and driven in & vay that minimizes both the coil cost
(mass) and (recirculating) power.“ Pigure 2 depicts
such au optimized TPC/PFC set :that also provides the
optiss]l flux linkage, vertical field, and plasms
magnatization.

Since the RFP plasma 1is hested and confined
primarily by the self magnetic fields generated by &
strong plasma current, I,, the PPC sys.ems play a kay
rols in the reactor design. The fundamental processes
involved with an RFP etartup are as follows. An
initial toroids) biae rield 1is produced by the TFC

systes. The plasma is initiated, and a changing PPFC
current induces the plasms current. The B, (field 1¢
confined and compressed by the plasms, 1le tha TIFC

revarced, achieving

current is reducsd and yltimately
the AFP configuration rl = JoCur), B
bulk of tie toroidal=-field energy is then provided by
the plasaa dynamo through the dominant PPC systes.
Having firs® schieved an initial, low-energy AFP siats,
the plasma dynamo wvould be used to increase further the
toroidel field internal to the plasma. Raising the
plasaa current, the nsar-sinimus—apergy RFP otate is
saintained as turbulent plasma processes toovert
toroidal plasma current int> polecidal ecurrent, whieh in
turn increases the toroidal field ctrapped within the
plasaa columm as F and 6 remain constant pear ihae
ainirum=anergy state (Fig. 1). Sizing the TFC oeysterm
to produce an inictial field that 1s equal and opposite
to the required (final) reversed toreoidal field, the
RFP configuration would be established at epproximately

e« Jiun)]. The

15-20X of the final plasma curren'. for a Reversal
Parameter in the range T e = (0.15=0.2). The TFC
systea under these conditions requires two orders of
magnitude less energy than the PrC circait.

Furtherwmore, the TFC set need pot be uesigned for the
startup ovarlosd, resulting in cofle that dominate the
FPC evan less ond leading to - more easily maintained
systen (Sec. 1IV).

The PFC set represents the dominant magnet system.
Energy would be trensferred to the PPC directly froe
the electrical grid. The simple circuit depicred {n
Pig. & 40 based on a bipolar opsration that winimizes
both forces and stored energy. The contribution of the
EFC to the estartup flux swing in aininised in order to
maxiuise the bipolar operation, although this fssue

becones less important 1f osteady-stste current drive
(Bec. 111.B4) proves feasible. Long=puleed or
steady-state operatinn aleo allovws the OHC anergy to

transfer to the plasma through a resistive rether than
through the capacitive element depicted on Pig. 4, the
latter approach requires the temporary etorage of ~ 302
of the transferred energy and adds to the total plant
coet.

The RFP ostartup is based on & revistive transfer
that crowbars the OAC while si{multaneously initiating
the plassa and connecting the EFC acrose the ONC
c¢ircuit) an energy appromimately equal to half the

stored aenargy 4is transferred to the plasma, vith an
equivalent energy being dissipated in the transfer
resfstor. After the resistive tranafer of the PFC

current, the plasma curreot is 30-70% of the design
(ignition) value; electrical grid power ie then used to
complete the Irajectory towards full plasma curTent and
ignitien. Bapid inicilal current transients, limited
ouly by the voltage sllowved on the PP” pys-em, can be
achieved by the resistive transfer scheme. B8incs the
transfear rveslotor has w0 ipharent power-handling
limitstions, lerge plasma {nitiati>c powvers can be
genarated vithout requiring either exrensive on=-site
pover-handling or anergy=stor ‘ge aquipment;
oimultanecusly, large transiente on the slectrical grid
sre avoided. The plasms and PPC (CHC + EFC + plasma)
currents, voltegees, and prver trsnsients during etartup
are @also demcribed in Pig. &, which providiy the
electrical counterpact to Pig. 3.

M. Current Rrive

On:e & volt-second 1limit 1s Treached on th:
inductive circuit depicted in Pig. &, the plasma
current would decay with s charscteristic L /Rp tire
ronstant, vhich for the design=-point plrllittrl linted
in Table I1 1is 150=200 . Tor the wmore realistic
plasms profiles ured in the tise-depandent simulations,
an energy of 1.2 GJ is stored in the poloidal {field,
vhich for peuked dansity and tewperature prof.las gives
13 = 20 MW (3.1 MW for f{lat temperaiurle profiles) and
L./ = 120 3. Since the toroidai voltege applied to
tﬁo gnited plasma 18 § 1.0 V and to achieve ignition
the plasma requires $ 190 volt-saconds, sone extecsion
of the CRFP? burn eolely by 1ipductive ma:ns is
prssible, albeit at higher voltages and currents in *he
PPC  sat. It {s noted that the oagnetic energy

replacemant tims, W,/Pp, is only a fev seconds, vhere
Wy is the totsl field eoargy and Ppy 1is the gross
slectric powver| magnetic energy storage/recycle is not

necessary for auch extendud burns. Neverthelese, the
desire to sinimise pulsed startup loads on the grid as
well as mechanical/chermal stresses generated within
the ceils, bdlanket, and d4n-vacuun components, gives
atasdy=state current drive D areat attraction,
Purthermore, the wmora pessimistic transport scaling
(tg @ I.r%) requires the expenditure of additional
resistive velt=s conds tr gchieve an ohmically-hested
igrition, agrin giving dimpetus tor reducing the
frequency of such plasma startups.

The RFP dyaamo offers s possibility fo. efficient,
non~induc%ive, curr.:t drive. The principle of current
drive by "F-f pumping' of toroida) current {i»
1llustrated using the (analytic) BFM; wore exact RAFP
profiles arve treated numecically “n Rel, 6, Driving
staady-state currents in AFPs by oscillating the PFC
and TFC circuits wvas first suggested by Bevir'“ and
subsequently subjected to more specific
axamination,i® In maintaining the osagnetic helictty,
K, constant and the plasma majnatic energy, Wy, at a
minimun, oscillations in externally applied voltages
thet, for instence, change the torcidal flux, ¢, ercite
the plasna dynamo to generate the toroldal vnltages and
Currents required to maintain  the |1niuum-HH.
constant=K AFF ostate. Ducrlbinrb'H the AFD plasos
as an electricel circult in terms of K, ¢, and Wy, the
following ralationship between plasaa varisblen (l.e.,
P and 8) and ecircuit parameters (i.e., {nductunces,
resistances, currents, and voltages) resules,

| -7

8 ..,
Ve " I‘RP + (LP += 1) I, + l T

0l (4)
7 P “ar el e
vhere L’ = dLP/dO. \‘ = dl,/dt, and Vg = + } | adoptien
of » porltlvo Paraday’'s lav for the toroidal ctrentie s
based upon a convention that orients ¢ (n the same
direction as I,. The plasma inductance, L., (includas
the poloidal field inductance, Lo ® zuH9913. ans vall



as the esnargy oeeded to compress a wuiform torotarl
flux, e, 1pto the Bessel-Punction dietributiom, 3,
Jyfur); as seen from the footnote to Table .1,
ty,1cally LP!Lpe " 1.3 = 1.8 for tha IPM.

Table 1! defines hkey plasama psrameters and their
relationship to F and 6 for the conszant-u BPM. Tate
circuit equation 1illustrates the ~troung non~linsar
coupling betveen the poloidal and toroidal circuit
voltages, Vg and V., through the plasma dynamo with the
result tnat a net !l‘ln\ toroidal current can be driven
b; an oscillating toroidal voltag- #hich iteell has a
zero Lear. This benravior results from plasma wmotion
assgciated with the relgxstjon process, the currente
sctuslly baing driver. by < = B> forces. This procees
1s most directly seen through the halicity,!® whicr has
the follsving time darivative for the BFM.

K e loiV. - I.RPJ . (3

If “. 1s oscillared such ghat <Vo> = §, then the tcime

average of Eq. (3 witrn <K> = 0 gives,
(ev.)
R — )
LR = <o (3]

vhere 1t nras been assumed thgr <ol > = o< R>
i1.e., omall {lux and current oscillsciond, 61. and 49§,
about large mean  values, <l > and <e> = o.).
Lquatior (67 grows that the IV.TI': resistive voltage
drop car be maintained by & gero-masn toroidal voltage

cacillation 1f Vo 18 large wren ¢ 1 alsc large.
Specificelly. Vv should be large 1o the cusrent
directior wher g 19 large (positi-e <vol:-age s worth

mcre 1n presence of higr flux).'® and e snould be small
vhaer V. 1r of reversed sign that innibits currest flaw.
This Dbarsvicr 1s best demonstrated by sssuming the
following dri-ing functicos

air ot FTAG

.
a®= o S5ec cos uwt!

Ve ® &V min ot . (7B

.
Ir trip case ‘"¢ 1_ifv, 1 F_ 5 w =2 for <¥> = J, wnick
lmplices v IR > 20-ut 1’ Tnc toroidal flux .aristion
1s nald s ¢ S-YOZ of ¢, t miriolge the trauma to thae
AFF gtate. F.rtrarmcre, the plasaa 18 assumed to relax
rapidly along tre F-2 diagras as Vg and V. are

Butlected (o the
trat | < 18 a.eh
Recent

sut=cf-pnase osclllation, 1mplying
greatar thar cne relazation time.
axpe-igperts! nave srovn the abiliry of tne AFP
te track the P=% dlagrea  wren elther Vo or V. are
subjectes tc 1,000 Hi csciliatiens, indicating bo!h the
rcbust ~ature cf tne MNFP dynamc and the potential for
stead--state cyrrert drive.

Te assess tre tradenf! betyeen UM P QV.EI.P . W

5-1e Ie' the dipsipati.e powver P o P. an P-..e meloure
of tre current ari-e effictlency, <] >'P , and the
anergy oLOreg 1ir tre . urrert diive zxr:ui:o. I,

EqQq. 1«3 nr=_ peen 82l-.ad numerically frr the BPM under
the conatraint that <! > and <f> are saro. The voltage
dri-e  gi.en by Eg ot 18 ubed, snd Table 11 liets the
F aid O dependarces of ™ and L_, as dictated by the
constant=. BIMNM. The Ecpnndcgcxoa of L1 7¢lg> and
Gv el R > on 46 s, ar ahown on Pig. & for the CRFPR
operat ni cond:tfonl and a frequency of 50 Hs.
Salecting S0-0_ = (.01 yielde a value of &I /<1 > near
the alrimun vnfuc of 0.00), reduced &V /«x.lg> relative
to the value at the 61.!(1.) minimue zra pbesible 1f
higrer 1_ oscillations are tolerable. Tadble III gives
tie anscc{ated paramaters for this current=drive design
poirt. for tnis closely coupled systam the disaipative
povar, P = 3.7a MW, entirely supplies the plassa ohmtc

losees and give & current drive efficiency of < >IF‘
® 3.2 A/d, which vill decrease by ~2 for en Jngindered

current~drive syetas. The aenetgy etored {(n the
poloidal snd toroidel current-drive circuits is
0.26 W,

. Ash/lmpurity Control

Both (poleidal) pumped limiters and (toroidal)
magne:ic divertors sre being cousidered as ismpurity’/ash
control for the CRFPR. Becavee of the dominance of
poloidal rether than toroidal f1elds in cthe PP, the
geomatry for eech ash/impuricty control echeme 1»
generally orthogonal to that being proposed for
tokamake. Pumped liaiters have received tne majority
of attention to dste,® but uuderstanding of both within
the context of the RFP 19 oot sufficient tc allow a
choice to be made at presenr.

W‘Lm. iokamak edge-plasma
modale’®* have

been odifiaed to describe tre low=gq
RFP configuration.® The bises of tha RFP ecrapect!
®odel are the one-dimensional icross=field: steady-
state hest and particle sguatiooe, vhicn in te-n a. 0
couples ic & neutrsl-atom cransport and sputtasing
wodels. Because of the higher avarage first-wvall pover
density empected for the coapact raactor, a greater
fraction of the firsc-vall ares must serve a limiter
function. In fact, the [irec-vall area 110 w‘) for
tre CRFPR 18 comparable tc the Starfire 1lisiter area
area i~ 58 m‘3 snd would operate at cooparatbla pover
densicies (a=5 MW:2’),

The dominant poloidal field at cthe scrapeof!
favors a toroidal arrsy of peloidal limicers,
allowing a fleld=line reconnectiou leogth, L » *r /N q,
that 1s sufficilencly long for adequate radial d!fPu' on

into tha sscrapeoff as ~dge-plssma varticles follow
highepitch (low=q) fi1eid lines between intersacting
limicer eurfaces. Bohm=1{ke vradial diffusion 18
aspumaad and wuet be sufficiently rapid to reduce the

coocentration of hest flux onto the leading edge of tre
limiter while eimultaneously elloving an acceptably
large particle flum under the limiter. As for other
limicer confxgurntlono.""’ a large fraction ff

> 0.9: of the plasama ecergy lose wmust be shad a»
radiation 1in order o reduce the energy particle load
oo the limfter eurface. Foliowing similar studies for

tokamaks! an algoeritnm 18 ueed® tnar adjusts the
shage oy the limiter surface to meet ospecific dasign
heat=flux conetraints wvhila verying hkey design and

prysics peramatels t1.6., the number of
design  heat flux, the scrapect!
cross-field particle transport in the ocrapeoff{. tre
adge=plasma condicions. the recycle rata, etc.:.
Table II! Jiste typical limiter parametars that result
from this extensive parameter survey.®

limiters, cthe
thickn.es. the

The RFP limirer desigr algorithe alec performs »
sputtering estimate, but uncertainties in nec-trale-atom
transport, aedge=~plesma cooncditione, and redeposition
profiles mane these erosion estimates unrellable. AR
for other concepts, large gross sputtaring rates are
predicted unless vary low of very high edge-plasar
temperatures are esnumsd anA-or larger radiation
fractions (i.e., radiating plesms mantles: can Dpa
Subtailnad. Althougr serious, tnhe erosion probdlen
aheyld not be more difficult for the ccmpact approaches
in that for similar edge-plagma towpe-atures, profiles,
and impurity levels, the ratio of nectron to particle
flux ooto the first wall should be independent of
concept; the sputter erosion “fluence™ (i.e., W} per
unit oaeutron fluence (MW yr/m*i for plasmas of similar

ot is independent of plasma pover denaity. 1f,
huacvnr. the  sputter arosion rates cannpt La
accommodated by redeposition, cannot be teduced by



ephanced radistive ioss, or interfere with the plasma
operation, efficient wmagoetic divertors wmay be
necessary.

Because of the premiums

placed on cowpactnese and reduced FPC mass, the pumped
limiter appmsars as & natural first choted for am
impurity-control echeme. The uncertainties associated
wvith pumped limiters, particularly with respect to
sputter erosion and the potential for degraded plasma
performance, wsy demand bettar plaema/wall 1solstion.
Most magnetic divertor designs null and re-direct
ainoricy-field lines, which for the toksmak creat.v &
preferance for poloidsl divertcre. Working wvith the
ninority field winimises adverse effects om baita,
transport, and suxiliary coile (forces, stored eneargy,
and power cousumption). Those tokamaks that divert the
majority field accept these piodblems in trade for
elimination o! interlocking coils. Since the wminority
field iIn the NFP 1ie torcidal, the sbove-sentioned
physice issues can be svoided without the encumbrances
of interlocking coils. Furthermore, the cospact
resactor options siso allowi placement of the divertor
coile close to the flum vurface that 1is to be broken
and diverted, leading to an iocressed efficiency oot
available to superconducting systems.

The siaplest design of 8 toroidal-~field divertor
for an RFP is one vhich werely adés TFCs of the
appropriate eize and currint to the wain TFC set. The
divertor muest isolate the region of filald-line coutsct
with structural surfaces and provide an exit for plasma
exhaust: This gosl 1is accomplished with divertor coils
of radius wsufficiently large to encase the main TPFC
set. The current in the coil that pulls the toroidal
field wmust be eufficiently large to cancsl the field
fros the TFC set. Vieving the pulling coils in eazh of
NE toroidal divertors as a solenoid which must cancel
the field frow the N toroidal-fie}d coils, the current,
Ip, in each divertor is approximately re)atesd to the
TFC current, Iqp, by Nplp ® = Nlgp.

Thess _aple divertor coils will null the toroidal
field indiscriminataely within the bore of the TPFC set.
A vair of coils that flank the divartor coils are
introduced with a combined zurrent equal in magnitude
but opposite in sign to that 1in the divertor collj
these flanking coils localice the nulling effact of tue
divertor coils to wiihin sppronimateiy tha distance
betveen the divertor coil and ite flanking coils. The
flanking coils afford only gross control of the
location of t e toroidal=-field null and the sira of the
divercor chainel. A pore precise control of the
toroidal extint ol the nu!l is necessary to reduce the
FPC perturbati n by the divertor channel, the eise of
the firgt-wvall ,ep, ard the amplitude of the toroidal

ripple {nduced, :he latter resulting in island
formation that affects both tranepcrt and field
reversal. 4 method of controlling the toroids)l extent
of Lhe field null has bear demwonsatrated, but
quantitative aptimates of the lattor two aeffects have
not yet bcen made.

Control of the toroidal extent of the field
pe-turbation csn be achieved by introducing anothur

divertor=flanking=coi! (DPC; mat with less current thau
the main divertor coil set but located closer to the
plasas adge; *ha DFCs are enc "ha TPC eat and
have a saaller gap betveen the diva and the
DFCs. A divertoi1 dasign with four .-- divertors
is shown in Fi;. &. The effect of the secondary DFC
set 1s eviJunt from the pluching of the diverted field
lines aear the ples'ws edge. The property of locsltsing
the divertor action to the outboard side of the plasma
is parricularly attractive. A wmore compact divertor
denrign 1s possible, this design yielding nearly the

sswe divereion of fisld lines by forcing the diverting
coil currepts to return through the DFCe rather than
through the inboard eide of the torue.

1v. CONCLUSIONS

The three central plasse-enginesring 1ssues
trested herein (ctransport/startup, current drive, and
impurity/control) combined with the high-power-denrity,
cost-optimiged design point to determine 1o large part
the FPC characteristics for the CAFPR. The high
osutton and hest losda combine with the perceived
requirement for s conducting shell near the AFP plasns
to suggest & copper-alloy first-wall/limiter eystes.
The thia (~ 0.6-m) hi;h-gov.r-dcnlity blanket
(~ 200 Wi/n' peak, 30-40 HW/m' average) and aiiteld
(~ 0.1 m) combined with the relatively lowv magnetic
field (< 3 T) st thet posirion to wmake flowing
liquid-metal bresder/coolant (PbL{ alloy) particularly
attractive.? %120 The above considerations have led to
the CRFPR cross-section given in Fig. 2 upon which a
sore detailed FPC enginearing integration study is
procooding-‘ This design work is based upon the ®ore
space-couservative pumped-limiter iopurity/control
schewsa, although toroidsl-field magnetic divertors will
also be considered opce they sre batter underetood in
the context of the RFP geometry. This paper concludes
with a brief description of the FPC integration and
design approach.

The basic comoonents of the ~ 1160-Tonne TFPC are
flluetrated 4in Pig. 7. The reletivaely tight array of
PfCe (~ 800 Tonne, total) sllows etraightforward accass
to the uaderlying ‘TFCe (142 Tonne) and firet-
vall/tlankat/shield (223 Tonne, including PbL1
breeder/coolant) corponents only in the vicinity of the
ovtboard equatorial plane through a ~ l-m vertical gap
provided in tha PFC snt. After lifcting the top half of

the PPC sat (400 Tomne), the =~ 200-Tonne TWW/B/S/TFC
torue (drained of PbLi breeder/coolant) would be
inos alled (removed) as a separate uait ("batech"

asintesance); for purposes of off-eite fadricaticn,
howvevar, this unit vould be segmanted into 24 tovoidal
sectors, each centered oo a TFC.

The 24 poloidal 1limiter biades would be arrayed
one per sector in the TFC wmidplenc. The 30-40-mm
limiter-blade standoff from the firsc-vall osurface

providec a total annular puaping atrea of 7-10 s and
covers ~ 25% of the FW, compared te 13 mf and - 7% for
the Starfire tokawak.’ [Each of the 24 toroidal sectors

contains twvo paloidal blanket sections with pololdally
fiowing PbLi breeder/coolant; each of thesu blanket
sections is eeparaied by a radially diverging

vacuum—-pumping slot *"hat connects the bdbackside of each
limiter with a 70-me vacuus plenun formed by the
apnulys defined by the blanket and shield. Adjacent
shield segaents are joined by en outer shell to provide
struitural unity to the PFW/B/S tcrus, which again
combines with the fixed TPC eet tc provide the single
PPC matintenance unit. The low=fiald (< 1-T) '[FCs wsre
secure. to this structure in order tc react ovarturning
and centering forces, and are oself-supporting against
outwr _ radial forcas. Ae meen (rom Fig. 7, squarse
ap. atures are providsd betwvean TFCe at the outboard
aq atorial plane for both vacuum and PbLi ducting.
M.nifolde and mains to the water=cooled FW/limiter and
‘hield components, as vell as other utilities, are also
provided in the outboard aquatoria’ plane.

B ectrical leads to ' ha multi-turn 1FCs and PFCe
could be conpiderably reduced in eite from thu coils
they drive. 1n ordar to maximise the rcoupling (i.e.,
uinimise etray dinductances), the lov-current poloidal
eurrent=drive cofls would be iotegral with the firet-
vall/limiter, whereas the required toroidal-field



oscillstions would be provided by tno exieting TFCs.d!
It 18 noted that {f F-0 pumping can be used to drive dc
curreut in the CRFPR, the OHC set shown in Pigs. 2 and
7 1s npeeded only for etartup. Considerable reductiom
in the aize of the ORCa 1s expected, which 4a turc
would also allow & reduced LFC set ‘or the same cost
an. recirculatiog power fraction.

Ino oummary, the characterfatice of the hey plasma
engineering systems have bcan broadly deceribed and
quantified for the CRFPR. The operational and economic
attraction of the compact approsch msay be asttainable by
the ATP, since it is one of a class of approaches that
can conf’ne plasma without the use of excessive
toroidal tie ds. Furthermore, a potential exists for

this confilnemant to be steady state. Maintepance of
the regonarstive dynamoc action at higher placma
pressures vnile retainin:g the slready reactor-releveant

beta values with {mproved confinemsnt timaes (s central
to achieving this {deal end-product and, therefore,
reprasents the major experimantal objective of the
present RFP physice progren
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ENGINEERING PAMAMETER COMPARISON DETWEEN MAINLINE AND COMPACT RFP REACTOR DESIGNS(')

e

0.22 0.16
1202. 1000.
0.60 0.75
1317214 (€ 3.8
9.8 37.7
0.28 0.20
4. 19.3
23,308. 1,160.
6.0 0.4
0.29 14.0
20.9% 37.0
0.04} v. 20
0.97 0.)6
0.64 0.3¢
VU LY {# 04).
T80 4.7
Core (PPC), Reactor Plant ERquipment

(°)Con:r|1-cnll/tptlﬂ length ineluding end cells end direct collectors.



TABLE II1.

CRYPR PLASMA AND CIRCUIT PAFALETERS

YOR A 1000-MWe(net) MINIMUM=COE
DESIGN POINT GIVEM ON TABLE I aWD ¥IG. 1.(2)

RLASHA PARAMETER

Minor plasma radius, TP(I)

Major plasma radiue, Ry(w)

Inverse plasma sspect ratio, t = rP/lT
Average plasss temperature, T(keV)
Aversge plasms density, n(1029/a?)
Toroidal plasma current, I‘Olk)

W
0.71

3.0
0.19
20(£1at} (®
$13g W (®
18.8

Energy confinemant tims, Tg(e) 0.23
F-0 model (F = 8J,(%)/3,(20)) m(®)
Pinch paraweter, 6 = ne(r,)/<n.> 1.2-1.4
Reversal paranater, T = B.(r')/<l‘> 0.0-(=0.6)
Poloidal beta, By 0.2
Streaming paramater, I./N(IO'IAA ») 5.8
Clll:i&ll plasms resiscivity, <m>

(10" " “ohm m) 3.4

EIRGUIT PARAMETERS

Toroidal plasaa inductance,

Lo(H) = ughpe?/2 8.3(10)"8
Poloidal plesna inductance, LpB(H) - -

(Lo/€2) (1 + (F/83)(F - 1)) (2.4-3.6)(10)""

Plasma 1nduct|ﬂco(°). L.(H) =
Ly /e () + (2F + D(F - 1)/202)
Toroidal flux, e(Wd) = LOIO/:O

"Serew-up' flctor(d). oM ”
287+ 7) - 1

Plasca

Plasma poloidal !lux, LPI‘ (Wb)

Plasus ohaic voltage, VO(V) = IQRP

Plesma dacay time, LP/RP(I)

(0)1he

(3.1-3.1)(10)7¢

3.9-6.9

2.9-3.0

resistance, Rp(ohn) . Z'OHH‘“’/‘QRT 1.5(10)7®

hh=bd
0.3
164-234

BFH is used here, vhereas plasns simulations use

the "Best TFit Mocel" (ref: PFig. and text).
(b)Tho 3FM requireas a J&(ur) pressure profile.
(C)lncludol compressional energy of an inicially
uniform toroidal flux.
(d)lalcd on a unifors temparature profile.
TABLE 111. TYPICAL (F-@ PUMFPING)
ZURRENT=DRIVE PARAMETERS
PARAMETER YALVE
Fractional Flux Swing, be/<é» 0.0!
Voltage Swving, 6V°/<I.Rp> 200
Toroidal Voltage, <10Rp> v 0.31
Current 8wing, bl./<1.> 0.004
Current Bving, 81, (MA) 0.078
Frequancy, w (Hs) 50
Disstpative Pover, ’ (MW) 3.74
Polotdal, P9 (M) LY
Toroidal, P: (Mw) 2.30
Etficiency Factor, <1,>/P% (A/W) ).2
SBtored Energy, E, (MJ) 0.26

TABLE 1IV.

Fraction of
tdge~-plasma
Design haeat
Bdge~plasm
Edge-plasms

TYPICAL PUNPED-LINITER PARAMETIRS

plasma energy lost by radiatica
recycle coefficient

flux (We/m?)

temperature (eV)

ton density (10?7/m?)

Fumber of limiters

First=wall
Limiter
Limiter
Limiter
Limiter

tor

thi

ainor radiue (m)

coverage fraction

oi{dal extent (m)

radisl exrent (mm)

ckness (mm)

Yraction perticlas under limitar

c.9
0.8
6.0
3.
2.0
24
N.75
0.2%
0.25
~ 40
~ 8-10
0.37
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Fig. 1. RFP minimum=anargy diagrao.
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